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An experimental technique is described to determine contact angles on bacterial layers deposited on cellulose
triacetate filters. Measurements with water, water-n-propanol mixtures, and a-bromonaphthalene were

employed to calculate surface free energies of various oral bacteria. Differences of 30 to 40 erg cm-2 were
obtained for four different bacterial species isolated from the human oral cavity, if the concept of dispersion
and polar surface free energies is applied. The free energies obtained were used to calculate interfacial free
energies of adhesion of these bacteria from saliva onto tooth surfaces. Bacterial adhesion is energetically
unfavorable, if the enamel surface free energy is less than 50 erg cm

Adhesion of bacteria onto tooth surfaces is a prerequisite
for the formation of dental plaque and the occurrence of
dental caries and periodontal disease (5). Adhesion of indige-
nous oral bacteria to tooth surfaces is thought to involve
both specific, lectin-like interactions between complemen-
tary surface components and physicochemical surface char-
acteristics such as charge and hydrophobicity (3, 13). A
thermodynamic approach offers, in principle, a powerful tool
to predict bacterial adhesion to solid substrates, because on
the basis of an interfacial free energy balance, neglecting
electrical charge interactions, adhesion may be expected if
(1):

AFadh = Ysb - Ysl - YbI<° (1)

where AFadh iS the interfacial free energy of adhesion, Ysb iS
the solid-bacterium interfacial free energy, -Ysl is the solid-
liquid interfacial free energy, Yb1 is the bacterium-liquid
interfacial free energy, whereas adhesion is energetically
unfavorable if:

AFadh > 0 (2)
The interfacial free energies in Eq. (1) can be calculated

from various surface chemical approaches. The equation of
state approach, also employed by Absolom et al. (1), is used
in most microbiological studies because of its experimental
and calculational ease. Another approach, which to our
knowledge has not been used in microbiological research, is
based on separation of the surface free energies in a disper-
sion, yd, and a polar, yP, component.
According to the geometric-mean equation (4, 8), the

interfacial free energy between any two surfaces 1 and 2 can
be expressed in its dispersion and polar components by:

Y12 = Y + Y2 - 2(y *)1/2 - 2(yP yp)12 (3)

The influence of the solid substrate on the adhesion process
is subsequently described by:

d(AFadh) = (-yd) 112[(,yd)1/2 _ (yg)1/2]dyd +

(p-1/2[(,)1/2 - (y)1/2]dyP (4)

If the expression presented in Eq. (4) equals zero, there is no
influence of the solid substrate on the adhesion process. As

* Corresponding author.

can be seen (Fig. 1A), this is the case for: (i) yd = 4yd and -y' =
-y; (ii) -s = constant, whereas -y = -y'; (iii) -yP = constant,
whereas yd = yd. For most materials, -4 is about 40 erg cm-2
(12) (an exception being polytetrafluorethylene, with 4ds - 20
erg cm-2), and Eq. (4) can be simplified to:

d(AFadh) = P)- 1/2[( -)1/2 (gvl/2i
d-ysb (5)

From Eq. (5) it is obvious that d(AFadh)/dYs < 0 (adhesion
will be energetically more favorable as ys increases) if yP >
-yl, whereas d(AFadh)/dys > 0 (adhesion will be less as -Ys
increases) if yb < y7 (Fig. 1B).

This introduction demonstrates the need for an experi-
mental method to determine the surface free energy Yb of
bacterial surfaces. The solid as well as the liquid parameters
that appear in Eq. (1) can be measured by employing contact
angle measurements (2, 8). Determination of surface free
energies of bacterial surfaces by contact angle measure-
ments imposes special problems because of interactions of
the bacteria with the liquid droplets and problems connected
with the drying of the bacterial layer. In this report, a
technique is described which is suitable for measuring con-
tact angles on bacterial substrata. Dispersion and polar
components _yg and yP will be calculated from contact angles
measured on a variety of oral bacteria.

MATERIALS AND METHODS
Preparation of the bacterial substrata. Streptococcus sali-

varius HB, Streptococcus sanguis CH3, Streptococcus mi-
tior T6, and Veillonella alcalescens Vl were isolated from
human oral cavities and stored at -20°C in 7% dimethyl
sulfoxide. Streptococci were grown overnight in air with 5%
CO2 at 37°C in Todd-Hewitt broth (Oxoid Ltd., London,
England), and veillonellae were grown in Todd-Hewitt broth
supplemented with sodium lactate (21 ml per liter of a 60%
[wt/vol] syrup) overnight in an anaerobic jar in an atmo-
sphere containing N2, H2, and CO2 (85:10:5).
Cells were harvested by centrifugation, washed twice, and

suspended in distilled water.
The bacterial substrata for measuring contact angles were

prepared by collecting bacterial cells on a cellulose triacetate
filter (pore diameter, 0.45 ,A.m; Gelman GA-6) to a density of
108 cells per mm2. To establish a constant moisture content,
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FIG. 1. Some cases for AFadh as a function of ys- (A) d(AFadh)/
d-y, = 0. In all cases 4d = 16 and -yg = yP = 40 erg cm-2. The
numbers denote yg and 4. Note the broken scale of the AFadh axis.
(B) d(AFadh)/dys 5 0. In all cases 4 = 25, 4yb = 35, and 4s = 40 erg
cm-2. The numbers denote -yg and -yP. All units are in ergs per
centimeter squared.

the filters with bacteria were placed in a petri-dish on the
surface of a layer of 1% (wt/vol) agar in water containing
10% (vol/vol) glycerol until the filters were mounted onto a
holder. To this end, strips (width, 1 cm) were cut from the
filters and fixed onto the sample disks with double-sided
adhesive tape. Since subsequent dehydration of the filters
because of evaporation of water was expected to influence
the contact angles (1), water contact angles were measured
as a function of drying time. Scanning electron microscopy
was employed to determine whether the filters were com-
pletely and homogeneously covered with bacteria. The ho-
mogeneity of the deposited bacterial layer was also deter-
mined by measuring water contact angles at seven different
places on a given surface.

Contact angle measurements and surface free energy calcu-
lations. Contact angle measurements by the sessile drop
technique (H. J. Busscher, A. W. J. van Pelt, H. P. de Jong,
and J. Arends, Colloids Surf., in press) were carried out at
25°C with water, water-n-propanol mixtures, and a-bromon-
aphthalene as wetting agents. A series of contact angle (0)
data on a given surface yields the solid surface free energy
(-ys) by fitting the data by least-squares analysis to (2):
cos 0 =

- + d .1/2 . 1 1/2 -1 1

in which d and p denote dispersion and polar components,
respectively, of the solid ys and the liquid -yl surface free
energies. rme denotes the spreading pressure, defined as the
difference between the solid surface free energy -ys against
air and ysv, the solid surface free energy against a saturated
vapor of the liquid employed.
As a consequence of the experimental circumstances, the

saturated vapor is a mixed water-n-propanol vapor. Meth-
ods of calculation yielding 4d, yP together with 'me, and ysv
separately, were employed. Contact angles were measured
2, 4, and 6 s after the droplet was placed on the bacterial
surfaces.

Liquids. All liquids used in this study and their reference
dstates -yi1, - and -yp have been described previously

(Busscher et al., in press). The water was of high purity (10);
n-propanol and ox-bromonaphthalene were obtained from
Merck AG (analytical grade).

RESULTS
A scanning electron micrograph of S. salivarius HB on a

filter is shown in Fig. 2. The filter is completely and
homogeneously covered with bacteria. The heterogeneity of
the deposited bacterial layer was very small according to the
water contact angle measured at seven different places on
the same sample. The standard deviation of the mean was
less than 2° for all bacterial species investigated.
The water contact angles, measured 2 s after the droplets

were applied, are presented as a function of the drying time
of the bacterial deposits (Fig. 3). It appears that reliable
contact angle measurements should be carried out between 0
and 90 min after placement of the filters onto the sample
disk. However, since fluctuations appeared to be more
pronounced on very fresh bacterial layers, we routinely
allowed a minimal 30-min drying time. Prepared bacterial
deposits may be kept for several hours on the agar plates
before mounting on the sample disks without affecting the
contact angles.
The contact angles of all droplets on the bacterial surfaces

slightly decreased as a function of time. Contact angles of
water and a-bromonaphthalene droplets on one filter are
presented as a function of time in Fig. 4.
To correct for this decrease, it was decided to extrapolate

the data obtained at 2, 4 and 6 s linearly to 0 s. Although the
data at 2, 4, and 6 s for the same bacteria on separate filters
often differ markedly, linear extrapolation yielded values
which were comparable within the experimental error. All
contact angles obtained in this way are summarized in Table
1. The surface free energies, calculated from Eq. (6), and the

FIG. 2. Scanning electron micrograph of S. salivarius HB cells
deposited on a cellulose triacetate filter as described in the text. Bar,
10 nm.
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FIG. 3. Water contact angles on bacterial substrates as a func-
tion of the drying time of the substrates. The contact angles were

measured 2 s after the droplet was placed on the substrates.
Symbols: 0, V. alcalescens V1; A, S. sanguis CH3; *, S. salivarius
HB.

contact angles from Table 1 are presented in Table 2. It is
interesting to note from the data in Table 2 that for bacterial
layers, Ybv is always smaller than 72 erg cm 2, Yb may be
greater than 72 erg cm-2, and 'Yb - Ybv corresponds numeri-
cally with the calculated spreading pressure 'Te, in accor-
dance with the thermodynamic definition. Similar observa-
tions have been made for nonbiological materials (2).

DISCUSSION
The technique described in this report for the measure-

ment of contact angles on bacterial deposits is easy to
perform and shows good reproducibility.
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FIG. 4. Contact angles of a water droplet (solid lines) and an a-

bromonaphthalene droplet (broken lines) on bacterial substrates as a
function of time. Indicated are the lines through the 2-, 4-, and 6-s
data points. Symbols: 0, V. alcalescens VI; A, S. sanguis CH3; *,
S. salivarius HB.

TABLE 1. Contact angles of water, water-n-propanol mixtures,
and os-bromonaphthalene on deposits of oral bacteria

Contact angles (degrees) on the following
bacteria':

Liquid (concn S. sali-[%, wt]) V. al- S. san- varius S. mitior
calescens guis CH3

HB
T6

Water 20 42 26 55
n-Propanol (0.5) 15 41 26 52
n-Propanol (1) 16 42 26 56
n-Propanol (2) 20 45 23 53
n-Propanol (3) 17 45 26 53
n-Propanol (4) 17 46 33 49
n-Propanol (8) 17 41 27 49
n-Propanol (12) 19 39 28 45
n-Propanol (17) 14 38 31 35
n-Propanol (20) 15 37 29 41
n-Propanol (40) 7 36 27 0
ot-Bromonaphthalene 57 41 44 31

a Contact angles were corrected for a slight time-dependent decrease by
linear extrapolation to 0 s.

The variation in the surface free energies 'Yb and 'Ybv
obtained for the various oral bacteria is large compared with
the results of Absolom et al. (1), who calculated surface free
energies 'Ybv between 66 and 70 erg cm2 for five different
gram-negative and gram-positive bacteria deposited on agar.
Apart from using different bacteria, Absolom et al. used a
different theoretical concept and employed other methods of
calculation to derive surface free energies. By our method,
the reduction of the solid surface free energy by vapor
adsorption from the liquid droplets is taken into account,
which excludes the specific influence of the liquids used on
the derived surface free energies. In addition, it is possible in
this way to determine solid surface free energies _Yb higher
than the surface free energy of the test liquids employed (12).
Thus, as can be seen from our data, two of the bacterial
strains investigated have surface free energies _Yb which are
significantly higher than the surface free energy of water.
A shortcoming of the equation of state approach is the

discrepancy between surface free energy values derived
from contact angles with different liquids. Calculation of 'Ybv
from our a.-bromonaphthalene contact angles using the equa-
tion of state resulted in values ranging from 27 to 38 erg

-2cm- , which is much lower than the values calculated from
our water contact angles which ranged from 47 to 65 erg
cm-2
The interaction of oral bacteria suspended in saliva with

human enamel is of great importance in dentistry. In Fig. 5
AFadh, calculated from Eq. (1), is given as a function of -Ys (-yd
= 40 erg cm-2) for the adhesion of the oral bacteria
investigated from saliva (yd = 29; -yV = 24 erg cm-2 [6]). The
adhesional energy AFadh is positive for three of the four
bacterial strains investigated at a solid surface free energy
less than 62 erg cm2. Since bare, polished as well as

TABLE 2. Surface free energies of oral bacteria'
Bacteria zbv Y b b

V. alcalescens Vl 60 + 1 27 + 4 74 ± 1 101 ± 4 42 ± 3
S. sanguis CH3 45 ± 1 34 ± 2 52 ± 2 86 + 1 44 ± 1
S. salivarius HB 58 ± 2 33 ± 2 72 ± 3 105 + 5 49 ± 2
S. mitior T6 33 ± 2 38 ± 1 30± 6 69 + 6 33 ± 5

a Values are in ergs per centimeter squared ± the standard deviation (n =

4).
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FIG. 5. AFadh as a function of -Ys for adhesion of oral bacteria
from saliva (d = 29; -yP = 24 erg cm-2 [6]). Along the -y,-axis, the
surface free energy data of human enamel are indicated. Symbols:
*, bare, polished human enamel (11); A, bare, polished human
enamel after an aminfluoride treatment (2b); 0, bare, polished
human enamel after salivary protein adsorption (pellicle formation)
(2a).

pellicle-coated enamel have higher surface free energies (2a,
11), adhesion of bacteria would be thermodynamically favor-
able. Treatment of enamel with surfactants such as amino-
fluorides (2b) reduces the enamel surface free energy low
enough to discourage adhesion of bacteria.

In most reports, bacterial adhesion is interpreted as the
number of bacteria that adhere per unit area, although
physics suggests that it is better to interpret bacterial adhe-
sion in relation with AFadh to the binding force, or the energy
required to remove the adhered bacteria. (Such experiments
would admittedly be very difficult.)
Some authors (1) have found very convincing linear rela-

tionships between the number of bacteria that adhere and the
surface free energy, although less straightforward relations
have also been found (9, 12). Whether the surface free
energy -Ys is related via AFadh to the number of bacteria
adhered or to the binding force, a high, positive value of
AFadh is favorable for reducing bacterial adhesion. On the
basis of these results, a drastic reduction in bacterial adhe-
sion to, or to be more specific, the energy required to
remove bacteria from, enamel surfaces can be expected if
the enamel surface free energy can be permanently de-
creased to below about 50 erg cm-2.
Conclusions. (i) The described technique is suitable for

reproducible and accurate determination of contact angles

on bacterial surfaces and provides a basis for estimating
bacterial surface free energies. (ii) The surface free energy Yb
of oral bacteria, calculated from the dispersion and polar
components concept, varies from 69 erg cm-2 for S. mitior
T6 to 105 erg cm-2 for S. salivarius HB. (iii) The adhesional
interfacial free energy AFadh for the adhesion of oral bacteria
on tooth enamel surfaces from saliva becomes positive if the
enamel surface free energy is less than 50 erg cm2.
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